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Abstract 

Lithium  nickel  oxide  exhibits  a  departure  from  stoichiometry  (Li,  _zNi,  +,02)  consisting  in  the  presence  of  extra-nickel  ions  within  the 
lithium  sites.  Using  optimized  experimental  synthesis  conditions,  compositions  very  close  to  the  ideal  stoichiometry  (z  =  0.02)  can  be 
obtained.  By  using  the  sensitivity  of  the  lithium  site  isotropic  temperature  factor  to  the  stoichiometry,  the  amount  of  extra-nickel  ions  can  be 
determined  in  a  very  precise  way.  The  loss  of  reversibility  at  the  first  cycle  is  mainly  related  to  the  change  in  the  oxidation  state  of  the  extra¬ 
nickel  ions,  which  induces  a  local  collapse  of  the  structure  and  makes  difficult  the  lithium  re-intercalation.  A  systematic  structural  study  of 
LirNi02  phases  has  been  performed  by  extended  X-ray  absorption  fine  structure  (EXAFS)  as  well  as  X-ray  and  electron  diffraction.  In  the 
case  of  the  starting  Li^Ni,  02O2  phase,  a  local  distortion  of  the  Ni06  octahedra,  resulting  from  a  dynamic  Jahn-Teller  effect  of  low  spin 
trivalent  nickel  ions  has  been  evidenced  from  the  EXAFS  study.  For  the  partially  de-intercalated  materials  (0.50  <jc  <  0.75)  which  crystallize 
in  the  monoclinic  system,  the  EXAFS  study  shows  that  the  Ni06  octahedra  are  only  slightly  distorted  due  to  the  occurrence  of  a  hopping 
phenomenon  between  NiIV  and  Niui.  Electron  diffraction  experiments  show  the  existence  of  a  superstructure  due  to  a  peculiar  lithium-ion 
ordering.  Systematic  electrochemical  studies  have  shown  that  this  ordering  is  strongly  sensititve  to  the  presence  of  extra- nickel  ions. 
©  1997  Elsevier  Science  S.A. 
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1.  Introduction 

Since  the  discovery  of  the  lithium-carbon  battery  with 
LiCo02  as  the  positive  electrode  material,  a  very  strong  inter¬ 
est  has  been  devoted  to  lithium  nickel  oxide  which  is  consid¬ 
erably  cheaper  than  the  homologous  cobalt  phase  [  1—7  ] .  The 
preparation  problems  of  LiNi02,  which  have  inhibited  for 
years  the  development  of  the  lithium-carbon  battery  with  this 
material  as  the  positive  electrode,  have  been  recently  over¬ 
come  and  these  batteries  are  now  produced  at  the  industrial 
scale  [8].  From  the  fundamental  point  of  view,  numerous 
studies  related  to  the  material  synthesis  and  characterization 
[9] ,  to  the  unit  cell  modifications  induced  by  the  lithium  de- 
intercalation  [10,11],  and  to  the  effect  of  various  substituting 
cations  have  been  reported  [12-17].  Several  structural  tran- 
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sitions  occur  within  the  reversible  intercalation /de-interca¬ 
lation  domain  (0.30  <jc<  1.0).  A  monoclinic  solid  solution 
is  observed  in  a  wide  composition  domain  (0.50  <  x  <  0.75) . 
As  suggested  by  the  following  remarks,  the  properties  of  this 
monoclinic  phase  seem  to  play  a  key  role  in  the  electrochem¬ 
ical  behavior  of  the  LirNi02  electrode:  (i)  the  cell  polariza¬ 
tion  is  smaller  for  this  material  than  for  border  phases  with 
rhombohedral  symmetry,  and  (ii)  on  long  range  cycling 
(1200  cycles)  the  most  part  of  the  capacity  is  actually 
obtained  by  cycling  inside  the  monoclinic  domain  [7] .  In  our 
laboratories,  we  have  tried  to  understand,  in  a  very  precise 
way,  the  relation  between  the  electrochemical  behavior,  the 
composition  of  the  pristine  material,  the  oxidation  process 
and  the  structural  modifications  both  at  the  short  and  long 
range  scale.  The  purpose  of  this  paper  is  to  give  an  overview 
of  new  results  which  relate  to  the  relationship  between  com¬ 
position,  structure  and  electrochemical  behavior.  A  special 
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interest  is  focused  on  the  structural  comparison  between 
Lio.9gNij.02O2  pristine  phase  and  Lio63Ni,  +z02  obtained  by 
electrochemical  de-intercalation  of  lithium. 

2.  Results  and  discussion 

2. 1 .  X-ray  diffraction  study  of  Li y  _  JVi I  +  z02  phases 

As  the  electrochemical  behavior  is  strongly  related  to  the 
departure  from  stoichiometry,  a  systematic  X-ray  character¬ 
ization  method  has  been  developed  from  the  Rietveld  refine¬ 
ment  technique  (Fullprof  program)  in  order  to  determine  the 
amount  of  extra-nickel  ions  for  many  materials  in  a  very 
reproducible  way  [9] .  A  systematic  study  has  thus  been  car¬ 
ried  out  on  LiNi1-_yCoy02  and  Li,  _,Nij  +z02  phases.  In  the 
case  of  the  cobalt  system,  there  is  no  irreversibility  at  the  first 
cycle  if  the  cobalt  amount  is  larger  than  or  equal  to  0.30; 
therefore,  one  can  assume  that  the  structure  is  strictly  bidi- 
mensional.  Rietveld  refinement  of  the  X-ray  diffraction 
(XRD)  pattern  of  the  LiNi0  70Co0.3o02  phase,  with  an  ideal 
two-dimensional  (2D)  structure,  gives  very  decent  values  of 
the  isotropic  thermal  agitation  parameter  at  the  lithium  site 
(Z?(Li)  =  1.2(3)  A2  [  18] ).  For  materials  with  a  departure 
from  the  ideal  stoichiometry,  the  B (Li)  values  are  negative 
and  the  absolute  value  of  B (Li)  can  be  related  to  the  amount 
of  extra-nickel  ions  in  the  lithium  sites.  This  negative  value 
reflects  the  presence  within  the  lithium  sites  of  an  electronic 
density  larger  in  the  material  than  in  the  actual  2D- structural 
hypothesis.  Therefore,  Rietveld  refinements,  where  the  iso¬ 
tropic  thermal  agitation  parameter  at  the  lithium  site  f?(Li) 
is  fixed  (equal  to  1.2)  and  the  amount  of  extra-nickel  ions 
( z )  is  free,  can  be  achieved  in  a  very  reproducible  way.  All 
Li,  _  JNi,  +z02  phases  obtained  in  various  experimental  con¬ 
ditions  were  systematically  characterized;  the  smallest  depar¬ 
ture  from  stoichiometry  (0.015 <z< 0.020)  has  been 
observed  for  materials  obtained  at  700  °C  with  Li20  or  LiOH 
as  the  lithiating  agent  [9,7] . 

One  must  note  that,  while  the  XRD  is  very  sensitive  to  the 
presence  of  a  small  amount  of  nickel  ions  within  the  lithium 
site,  it  is  impossible  to  get  significant  results  about  the  pos¬ 
sible  absence  of  some  nickel  ions  in  the  Ni02  slab  resulting 
from  a  lithium/nickel  exchange.  Recently,  neutron  diffrac¬ 
tion  experiments  have  shown  that  this  exchange  does  not 
occur  in  classical  synthesis  conditions  [  19] . 

Another  interesting  point  which  can  be  discussed  from  the 
structural  data  concerns  the  variation  of  the  slab  and  interslab 
thickness  versus  the  extra-nickel  ion  amount.  The  departure 
from  the  ideal  stoichoimetry  results  from  the  presence  of  2 z 
divalent  nickel  ions  within  the  material;  half  of  them  are  in 
the  Ni02  slab,  while  the  other  half  are  in  the  interslab  space. 
When  the  extra-nickel  ion  amount  increases,  the  larger  size 
of  the  Nin  ions  versus  the  Nim  one  increases  the  slab  thickness 
and,  simultaneously,  the  interslab  thickness  decreases  as  the 
result  of  the  presence  of  the  smaller  Ni11  ( versus  Li + )  within 
the  lithium  site.  Therefore,  the  structural  study  of  the  starting 
material  shows  unambiguously  that  the  presence  of  extra¬ 


nickel  ions  within  the  lithium  site  renders  lithium  diffusion 
more  difficult. 

2.2.  Electrochemical  behavior  and  loss  of  reversibility  at 
the  first  cycle 

The  LixNi02  electrode  exhibits  a  very  good  reversibility 
except  for  the  first  cycle  where  a  significant  part  of  the 
charged  capacity  is  not  recovered  at  the  first  discharge.  The 
extent  of  this  irreversibility,  which  must  match  with  that  of 
the  negative  carbon  electrode,  is  related  to  the  departure  from 
stoichiometry  of  the  starting  Li,  _  JSfi,  +  z02  phase.  Neverthe¬ 
less,  the  relationship  between  the  number  of  extra-nickel  ions 
and  the  number  of  lithium  ions  which  cannot  be  re-interca¬ 
lated  at  the  first  discharge  is  difficult  to  describe.  Compilation 
of  data  related  to  the  electrochemical  behavior  of 
Li,_2Ni1+::02  and  LiNi,  _vCoy02  phases  shows  that  even  a 
small  amount  of  extra-nickel  ions  plays  a  dramatic  role  on 
the  cell  capacity:  for  example  the  Li0.95Ni1.o502  material  has 
a  poor  exchanged  capacity  which  forbids  any  practical  use. 
In  order  to  try  to  understand  what  goes  on,  a  systematic 
electrochemical  study  has  been  performed  for  various  z  val¬ 
ues  and  in  each  case  for  increasing  de-intercalation  amounts 
[20].  Fig.  1  gives  some  of  these  results  as  example;  from 
these  global  data  the  following  remarks  can  be  drawn:  ( i)  if 


Fig.  1 .  Correlation  between  the  reversible  composition  range  and  the  loss  of 
reversibility  at  the  first  cycle.  Effect  of  the  extra-nickel  ions  amount.  In  each 
case  two  cycling  curves  have  been  superimposed.  The  cycle  around  the 
starting  composition  is  made  in  open-circuit  voltage  conditions  in  order  to 
decrease  the  kinetics  effects. 
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Fig.  2.  Changes  in  oxidation  state  of  nickel  ions  during  the  first  electrochemical  cycle.  The  oxidation  of  Ni11  induces  a  local  collapse  of  the  interslab  space 
which  makes  difficult  the  lithium  re-intercalation. 


only  few  lithium  ions  are  de-intercalated  the  reversibility  is 
very  good;  (ii)  the  de-intercalation  range  related  to  this 
reversibility  increases  with  z\  (iii)  if  this  limit  is  exceeded 
the  classical  loss  of  reversibility  is  observed,  and  (iv)  the 
initial  capacity  can  be  partially  recovered  if  a  deep  discharge 
to  low  potential  and  at  low  rate  is  performed  up  to  the  starting 
Li,  _-Ni,  +  .02  composition.  All  these  data  show  that  the  loss 
of  reversibility  is  related  to  the  intercalation /de-intercalation 
kinetics  and  not  to  thermodynamical  limitations.  The  overall 
behavior  can  be  explained  using  the  model  schematized  in 
Fig.  2.  At  the  beginning  of  the  first  de-intercalation,  only  the 
divalent  nickel  ions  of  the  slabs  are  oxidized  to  the  trivalent 
state;  therefore,  there  is  no  limitation  to  the  re-intercalation 
process  at  the  next  discharge.  On  the  contrary,  if  a  larger 
amount  of  lithium  is  de-intercalated,  the  extra-nickel  ions  are 
oxidized  to  the  trivalent  state  leading  to  a  local  collapse  of 
the  interslab  space.  As  a  result,  the  6  lithium  sites  around 
such  each  extra-nickel  ion  can  hardly  be  re-intercalated.  In 
classical  cycling  conditions,  the  cell  polarization  when  these 
sites  are  concerned  prevents  the  lithium  re-intercalation  for  a 
given  cut-off  voltage.  Nevertheless,  at  very  low  rate  these 
sites  can  be  re-intercalated.  Even  though  such  a  cycling 
allows  to  recover  the  starting  material,  the  overall  cycleability 
of  the  cell  is  strongly  affected.  One  can  assume  that,  because 
of  the  existence  of  intercalation  gradients,  the  Li,  _zNi,  +c02 
composition  must  be  exceeded  on  the  grain  surface;  therefore, 
if  a  small  amount  of  the  over-intercalated  phase  ( Li ,  +  A  Ni02) 
is  formed  on  the  particle  surface,  the  poor  electrochemical 
reversibility  of  this  material  leads  to  a  strong  increase  of  the 
cell  polarization  on  further  cycling. 

2.3.  XRD  study  of  the  structure  of  the  de-intercalated 
Li0.a3Nij.02O2  phase 

Li0.63Ni  1 02O2  obtained  by  electrochemical  de-intercalation 
of  the  Li098Ni102O2  phase  has  been  studied  by  XRD,  This 
material  crystallizes  in  the  monoclinic  system  (C2/m  space 


group)  with  the  following  unit  cell  parameters; 
amon.  =  4.9883 ( 6)  A,  bmon.  =  2.8282(4)  A,  cmon.  =  5.0691  ( 8) 
A,  j8  =  109.75(1)°  [21].  The  Rietveld  refinement,  realized 
in  the  same  experimental  conditions  as  for  the  starting  phase, 
also  leads  to  2%  extra-nickel  ions  in  the  lithium  site.  This 
result  shows  clearly  that  the  integrity  of  the  Ni02  slab  is 
preserved  upon  de-intercalation  contrary  to  what  is  observed 
in  the  case  of  the  LixMn02  system  [22] .  The  Ni-0  distances 
deduced  from  the  refined  atomic  positions  show  only  a  very 
weak  octahedron  distortion  (4  short  bonds  ( 1 .920(3)  A)  and 
2  long  ones  ( 1 .953(3)  A) ) .  This  structural  distortion,  which 
is  of  a  very  small  amplitude  in  comparison  to  that  of  NaNi02 
(1.952  and  2.168  A;  [23]),  suggests  that  the  Jahn-Teller 
effect  is  certainly  not  the  origin  of  the  macroscopic  lattice 
distortion.  Since  the  XRD  gives  only  the  average  long  range 
structure,  an  EXAFS  study  has  been  carried  out  to  character¬ 
ize  precisely  the  Ni-0  bond  length  distribution. 

2.4 .  EXAFS  study  of  the  local  structure  of  Li0  98Ni }  .02^2 
and  Li0  63NiL02O2 

Contrary  to  NaNi02,  which  exhibits  a  monoclinic  distor¬ 
tion  due  to  the  Jahn-Teller  effect  of  low  spin  trivalent  nickel 
ions,  LiNi02  crystallizes  in  the  rhombohedral  system  even  at 
low  temperature,  while  Lio^N^  02O2  exhibits  a  monoclinic 
distortion.  For  this  material,  it  is  difficult  to  conceive  that  the 
Jahn-Teller  effect  is  strong  enough  to  distort  the  structure  at 
the  macroscopic  scale  since  the  hopping  between  NiIV  and 
Ni111  ions  is  expected  to  inhibit  the  occurrence  of  a  macro¬ 
scopic  distortion.  In  order  to  detect  the  possible  existence  of 
a  local  distortion  of  the  Ni06  octahedra,  EXAFS  experiments 
have  been  performed  on  both  Li098Ni102O2  [24]  and 
Lio.63Ni,.o202  phases  both  at  room  and  at  liquid  nitrogen 
temperatures  [21] . 

Fig.  3  gives  a  comparison  of  the  Fourier-transform  of  the 
Ni  K-edge  EXAFS  signals  (fcmin.  =  4  A"1;  kmax  =  15  A'*) 
obtained  for  both  Li0.98Ni,  02O2  and  Li0  63Ni  ]m02  phases  at 
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Fig.  3.  Experimental  Fourier-transforms  for  Ni  K-edge  EXAFS  signals  of 
Lio.9gNij.02O2  and  Lio.^Ni,  02O2:  (a)  at  room  temperature,  and  (b)  at  liquid 
nitrogen  temperature. 

room  and  at  liquid  nitrogen  temperatures.  Two  main  shells 
are  observed:  the  first  one  relative  to  the  Ni-O  distances  is 
split  in  the  case  of  Lia98NiL02O2  whatever  the  temperature, 
while  in  the  case  of  the  Li0  63Ni,  02O2  phase  a  visible  splitting 
is  only  observed  at  low  temperature.  The  second  shell  relative 
to  the  Ni-Ni  distances  is  never  split.  In  all  cases,  these  shells 
have  been  refined.  For  the  Lio^gNi,  02O2  phase,  at  both  tern- 

o 

peratures,  the  fit  leads  to  4  short  distances  at  1.91  A  and  two 
long  distances  at  2.07  A  corresponding  to  an  average  Ni-O 
distance  of  1.96  A  in  good  agreement  with  XRD  analysis. 
These  values  clearly  indicate  the  occurrence  of  an  Ni06  octa¬ 
hedron  distortion  related  to  a  Jahn-Teller  effect.  In  the  case 
of  the  de-intercalated  phase,  comparison  of  the  fit  results,  by 
considering  the  two  kinds  of  distribution  (one  shell  (6  Ni-O 
distances)  or  two  shells  (4  +  2  Ni-O  distances)),  clearly 
indicates  that  some  of  the  Ni06  octahedra  are  distorted  like 
in  the  case  of  the  pristine  phase.  Moreover,  the  number  of 
distorted  Ni06  octahedra  slightly  increases  when  the  temper¬ 
ature  decreases.  The  refinement  results  show  that  at  low  tem¬ 
perature  the  ‘Nim06’  octahedra  are  distorted.  When  the 


temperature  increases,  only  a  part  of  them  remains  distorted 
as  a  result  of  the  NiIV-0-Nim  hopping  which  tends  to  inhibit 
the  Jahn-Teller  effect. 

In  all  cases,  the  fit  of  the  shell  relative  to  the  Ni-Ni  dis¬ 
tances  gives  only  one  distance  even  in  the  case  of  the 
Li0  63Ni,  02O2  phase  where  two  slightly  different  distances 
are  deduced  from  the  crystallography  results  (2.83  and  2.86 

o 

A).  These  distances  are  certainly  too  close  to  each  other  to 
be  resolved  by  EXAFS  experiments.  This  result  shows  that 
the  Ni06  octahedron  distortion  remains  at  the  local  scale. 

In  conclusion  of  this  part,  one  can  assume  that  if  the  dis¬ 
tortion  of  all  the  Ni06  octahedra  in  Lio  ^Nq  02O2  is  not  able 
to  distort  cooperatively  the  rhombohedral  lattice,  the  distor¬ 
tion  of  only  a  few  of  them  in  Li0 ,63Ni1  02O2  cannot  induce  the 
observed  macroscopic  distortion.  Therefore,  the  driving  force 
of  this  structural  distortion  results  from  another  phenomena. 
Since  a  lithium /vacancy  ordering  within  the  interslab  space 
is  likely  to  induce  a  symmetry  decrease,  an  electron  diffrac¬ 
tion  study  has  been  carried  out. 

2.5.  Electron  diffraction  study  of  the  lithium/vacancy 
ordering 

The  electron  diffraction  experiments  have  been  realized  on 
both  Lio  98Ni  ^  02O2  and  Li0  63Ni  j  02O2  phases  [  25  ] .  In  the  case 
of  the  pristine  material,  the  electron  diffraction  study  confirms 
the  XRD  analysis,  and  all  electron  diffraction  spots  can  be 
indexed  with  the  classical  hexagonal  cell  (space  group: 
R3m).  On  the  contrary,  for  the  de-intercalated  phase  many 
spots  (with  small  intensity)  cannot  be  indexed  by  considering 
the  monoclinic  cell  deduced  from  the  XRD  (space  group: 
C2/m) .  Fig.  4  gives  an  example  of  the  reciprocal  plane  ( zone 
axis  [211])  obtained  for  the  pristine  Li0 98Ni,  ,02O2  phase  and 
the  corresponding  reciprocal  plane  (zone  axis  [001]) 
obtained  for  the  Lio^Ni,  0202  phase.  The  presence  of  these 
extra  spots  clearly  indicates  the  existence  of  a  larger  unit  cell 
which  has  been  deduced  from  a  complete  analysis  of  the 
electron  diffraction  data.  In  order  to  propose  a  hypothesis  on 
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Fig.  4.  Electron  diffraction  patterns  of  the  Lio  98Ni,  02O2  starting  phase 
([211]  zone  axis)  and  of  the  de-intercalated  Lio^Nij  02O2  phase  ( [001  ] 
zone  axis).  In  the  case  of  Li^Ni^C^  60th  indexations  are  reported: 
R3m  ( Cl l  tn ) .  In  the  case  of  Lio  63^ii  .02O2  3  2#mon  X  2bmon  X  2cmon  cell  has 
been  considered  to  index  the  superstructure  spots. 
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Fig.  5.  Structural  relationship  between  the  monoclinic  cell  (amon ,  bmon ,  cmori )  deduced  from  the  X-ray  pattern,  and  the  true  superstructure  cell  (<2sup  str ,  bsupsu, 
^"sup.str. )  ■  deduced  from  electron  diffraction  data.  The  larger  superstructure  cell  (2amon,  2bmon,  2 cmon  )  used  in  the  structure  description  is  also  represented. 


the  origin  of  the  superstructure,  a  cell  (2amon  X2bmon  X 
2cmon )  which  is  not  the  smallest  one  has  been  used.  Never¬ 
theless,  it  is  convenient  to  use  it,  as  it  exhibits  the  same  axis 
orientation  as  the  one  deduced  from  XRD  without  consider¬ 
ing  the  superstructure.  The  geometric  relations  between  these 
various  cells  are  reported  in  Fig.  5.  Considering  this  new  cell, 
and  in  accordance  with  the  XRD  data,  the  superstructure  of 
the  Li0.63NiL02O2  phase  can  be  described  with  the  non  con¬ 
ventional  Film  space  group.  The  monoclinic  cell  parameters 
are:  amon.  =  9.98  A,  fcmon.  =  5.66  A,  cmon.=  10.14  A,  p  = 
109.7°.  The  description  of  the  layered  structure  of  LiNi02  in 
this  space  group  leads  to  consider  three  different  lithium  sites 
( Lio.5oLio.25Lio.  25Ni02).  If  one  assumes  that  they  are  not 
simultaneously  and  statistically  occupied,  an  ordered  super¬ 
structure  within  a  large  composition  range  may  exist.  For 
the  composition  limits  of  the  monoclinic  solid  solution, 
the  formulae  can  be  written  LiosoDo^D'o^NiO?  and 
Lio.soLio.^nV^NiO^  respectively.  A  representation  of  these 
cationic  distributions  is  given  in  Fig.  6.  Moreover,  it  is  impor¬ 
tant  to  note  that  this  lithium /vacancy  ordering  within  the 
interslab  space  is  very  sensitive  to  the  presence  of  extra-nickel 
ions  that  tend  to  prevent  the  ordering.  If  their  amount  (z)  is 
larger  than  or  equal  to  0.05,  the  monoclinic  phase  does  not 
appear  upon  de-intercalation. 

Another  interesting  result  has  been  found  during  the  elec¬ 
tron  diffraction  study.  It  concerns  the  formation  of  twin 
crystals  resulting  from  the  rhombohedral/  monoclinic  tran¬ 


sition.  At  the  structural  transition,  the  monoclinic  cell  is 
formed  in  three  equivalent  directions  related  to  the  triangular 
lattice  which  characterizes  the  pristine  phase.  Upon  de-inter¬ 
calation,  the  topotactic  nucleation  of  the  monoclinic  phase 
within  the  rhombohedral  one  must  occur  simultaneously  and 
independently  in  several  parts  of  the  crystal.  Therefore,  all 
orientations  of  the  monoclinic  crystallites  can  be  obtained  in 
the  same  single  crystal.  The  occurrence  of  this  phenomenon 
is  clearly  identified  on  the  electron  diffraction  patterns,  since 
it  induces,  on  some  patterns,  the  apparition  of  characteristic 
double  spot.  This  twin  crystals  formation  constitutes  an  inter¬ 
esting  point  which  must  be  studied  in  more  detail  in  relation 
with  the  electrochemical  behavior. 


3.  Conclusions 

A  general  study  of  the  short  and  long  range  structure  of  the 
pristine  lithium  nickel  oxide  and  of  the  monoclinic  partially 
de-intercalated  phase  has  shown  the  complexity  of  the  phe¬ 
nomena  involved  during  the  lithium  de-intercalation  /inter¬ 
calation  process.  All  these  structural  modifications  which 
occur  at  various  scales  within  the  material  are  directly  related 
to  the  overall  electrochemical  behavior  and  may  play  a  pecu¬ 
liar  role  in  the  ageing  processes. 
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